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Description 

WIRING STRUCTURE FOR INTEGRATED 
CIRCUIT WITH REDUCED INTRALEVEL 

CAPACITANCE 

Background of Invention 

[0001] This invention relates to the manufacture of large-scale 
integrated semiconductor devices, and more particularly 
to a structure and method for reducing the capacitance in 
a dielectric layer between metal features in such devices. 

[0002] ultra-large scale integrated (ULSI) semiconductor devices 
typically include several layers having metal wiring fea- 
tures (metallization layers) disposed on the top surface of 
the device, separated from each other in the vertical di- 
rection by insulating layers of dielectric material (interlevel 
dielectric layers). This arrangement of multiple wiring lay- 
ers and insulating layers is required in order to provide 
interconnects between devices. The structure of metal- 
lization and interlevel dielectric layers is often realized 
using a damascene process, wherein a pattern is etched 



into a dielectric layer, the patterned layer is covered with 
metal and then polished (leaving metal embedded in the 
etched features), and the metallized layer is then covered 
with a blanket layer of dielectric material. Vertical studs 
(metallized vias extending through the interlevel dielec- 
tric) are used to connect one metallization level with an- 
other. As is understood in the art, the dielectric materials 
used are chosen for their compatibility with the etching 
and deposition processes involved, and to minimize the 
capacitance of the overall structure (that is, to minimize 
the dielectric constant of the material or combination of 
materials). 

[0003] As the dimensions of ULSI devices continue to shrink, the 
performance of the devices is increasingly limited by the 
capacitance of the interlevel dielectric. For example, the 
capacitance of the interlevel dielectric influences the de- 
vice speed (due to the RC delay in the structure of wiring 
and insulators), the AC power consumption of the device, 
and crosstalk. The capacitance of the interlevel dielectric 
varies in accordance with the dielectric constant of the 
material. In traditional semiconductor processing technol- 
ogy, silicon dioxide (with a dielectric constant k about 
3.85) is used. In order to reduce the undesirable effects of 



capacitance on ULSI device performance, insulating mate- 
rials with lower dielectric constants are now being used. 
Some examples of low-k materials are fluorinated silicon 
dioxide, amorphous carbon, black diamond, and some 
polymers. Some structures have also been developed 
where air gaps (having k close to 1) form part of the inter- 
level dielectric. 

[0004] The capacitance of an interlevel dielectric layer includes 

not only the interlevel capacitance (that is, the capacitance 
between two vertically separated metallization layers) but 
also the intralevel line-to-line capacitance (that is, the ca- 
pacitance between two laterally separated metal lines em- 
bedded in the dielectric material). As the dimensions of 
ULSI devices continue to scale, the aspect ratio of the 
metal lines continues to increase while the lateral separa- 
tion between adjacent lines decreases; both of these 
trends lead to an increase in the intralevel capacitance. 
Accordingly, the intralevel line-to-line capacitance is be- 
coming a major factor in determining the overall perfor- 
mance of the interconnect. It is therefore highly desirable 
to reduce the intralevel capacitance by introducing low-k 
materials into the spaces between metal lines. Most 
preferably, the spaces between lines would include an air 



gap while maintaining a physically robust structure. 
Summary of Invention 

[0005] The present invention provides a process for forming air 
gaps adjacent to the conductors in a metallization layer, 
with the air gaps being at sub-lithographic dimensions. 
These features result in a series capacitance between the 
conductors which is lower than the capacitance of the 
bulk dielectric, thereby reducing the intralevel capaci- 
tance. The present invention also provides a stack of low- 
k material, an air gap, and additional low-k material, 
forming a sandwich structure which minimizes fringing 
capacitance. 

[0006] According to a first aspect of the invention, a method is 
provided for fabricating a wiring structure for an inte- 
grated circuit. This method includes the steps of forming 
a plurality of features in a layer of dielectric material, and 
forming spacers on sidewalls of the features. Conductors 
are then formed in the features, being separated from the 
sidewalls by the spacers. The spacers are then removed, 
forming air gaps at the sidewalls so that the conductors 
are separated from the sidewalls by the air gaps. The fea- 
tures are generally formed using a lithography process 
characterized by a lithographic dimension; the spacers are 



formed with a lateral dimension less than the lithographic 
dimension. Formation of a feature may expose a conduct- 
ing stud in an underlying dielectric layer, so that forma- 
tion of a conductor in that feature makes an electrical 
connection to the stud. A second dielectric layer may be 
formed overlying the layer of dielectric material and the 
conductors; the second dielectric layer may have a dielec- 
tric constant less than that of the layer of dielectric mate- 
rial. 

[0007] According to another aspect of the invention, a wiring 

structure is provided which includes a plurality of conduc- 
tors with dielectric layers above and below. A plurality of 
conductors is disposed on a first dielectric layer; the con- 
ductors are separated laterally from each other by por- 
tions of a second dielectric layer and by air gaps. Each of 
the conductors has air gaps adjacent thereto separating 
the conductor from the second dielectric layer. A third di- 
electric layer overlies the conductors. Each of the conduc- 
tors has a cross-section wider at a top thereof than at a 
bottom thereof, in accordance with each of the air gaps 
having a cross-section wider at a bottom thereof than at a 
top thereof. The first and third dielectric layers may each 
have a dielectric constant less than that of the second di- 



electric layer. Accordingly, a cross-section of each of the 

conductors has a bottom in contact with the first dielectric 

layer, a top in contact with the third dielectric layer, and 

sides in contact only with the air gaps. The air gaps serve 

to reduce the intralevel capacitance. 
Brief Description of Drawings 

[0008] Figure 1 is a schematic illustration of an interlevel dielec- 
tric including a stud interconnect, in which the invention 
may advantageously be used. 

[0009] Figures 2-5 illustrate steps in a process for forming air 
gaps adjacent to conducting lines, in accordance with an 
embodiment of the invention. 

[0010] Figure 6 illustrates a structure having conducting lines, 
low-k interlevel dielectric layers, and an intralevel dielec- 
tric including an air gap, in accordance with another em- 
bodiment of the invention. 
Detailed Description 

[0011] | n a preferred embodiment of the invention, metal lines 
are embedded in a dielectric material, and air gaps are 
formed between the sides of the metal lines and the di- 
electric. The process for forming the air gaps will be illus- 
trated here as a modification of the damascene process 



for forming the metallization and interlevel dielectric lay- 
ers. 

[0012] Figure 1 shows an arrangement of interlevel dielectric lay- 
ers, where the overall interlevel dielectric 10 includes a 
layer of low-k material 12 sandwiched between two other 
dielectric layers 11, 13. A via has been formed in layers 11 
and 12 and subsequently filled with metal to form a stud 
15, which provides electrical connection to the underlying 
level 1. Layer 13 is deposited over layer 12 after formation 
of the stud. The combination of layers 11 and 12 thus 
forms a via level, while layer 13 (sometimes called a 
wiring level or trough level) is patterned so as to have the 
metal wiring embedded therein. 

[0013] Layer 13 is patterned and etched in accordance with the 
desired wiring pattern, so that troughs 16 are formed 
(Figure 2); the patterning is done using conventional 
lithographic techniques. Electrical connection between the 
wiring pattern in layer 13 and the underlying levels re- 
quires that a metallized trough make contact with stud 
15. As shown in Figure 2, an overetch is performed so 
that layer 12 is partially etched, to ensure that the top 
surface 15a of stud 15 is exposed. The lithographic 
groundrules are chosen to provide troughs 16 with suffi- 



cient width to ensure that the stud is captured between 
the trough sidewalls 16s. 

[0014] Spacers 20 are then formed on the sidewalls of the 

troughs, as shown in Figure 3. This may be done by de- 
positing a conformal layer of spacer material over pat- 
terned layer 13, and then removing the material by a di- 
rectional etch process (known to those skilled in the art). 
As shown in Figure 3, the spacers are typically wider at 
the bottom than at the top. The spacer material must be 
capable of being etched selectively with respect to the 
metal of the wiring structure and the dielectric material of 
layers 12 and 13. A preferred spacer material is silicon ni- 
tride. Alternative spacer materials include amorphous Si 
and (if Cu is used for the wiring structure) Al. 

[0015] Troughs 16 are then filled with metal (e.g. by electroplat- 
ing or CVD) and the structure is polished, in accordance 
with the damascene process. Metal lines 25 are thus 
formed in the dielectric (Figure 4). The overetch process 
noted above results in the bottom portion of metal line 25 
being surrounded by low-k dielectric 12; this in turn miti- 
gates the effect of fringing fields in the finished device. 
The polishing process exposes the top surface of layer 13, 
and also exposes a surface portion 20x at the top of each 



sidewall spacer 20. 
[0016] The sidewall spacers 20 are then removed in an etch pro- 
cess which is selective with respect to the metal lines 25 
and the dielectric materials in layers 12 and 13. This is 
done by exposing surface portion 20x to an etching 
agent; a wet chemical etch or downstream etch process 
may be used. Air gaps 40 are thus formed between the 
sides of the metal lines 25 and the walls of the troughs 
16, as shown in Figure 5. (A small portion of unetched 
spacer material, isolated from the sidewall by the metal 
line, may remain on the side of stud 15.) It is noteworthy 
that the width of the air gaps depends on the original de- 
posited thickness of the spacer material, so that the air 
gaps have a sub-lithographic thickness dimension. Al- 
though the sides of metal lines 25 facing the sidewalls are 
in contact only with air, their bottom surfaces are in con- 
tact with dielectric layer 12 and/or the top of stud 15. 
Owing to the original shape of the sidewall spacers 20, 
the metal lines in cross-section are wider at the top than 
at the bottom. 

[0017] An additional layer 42 of low-k dielectric material may 

then be deposited over layer 13 and the top of metal lines 
25, as shown in Figure 6. The metal lines are thus encap- 



sulated in a vertical sandwich structure having low-k ma- 
terial above and below (layers 12 and 42), and an air gap 
40 therebetween. Since the base and top of the metal 
lines are covered by low-k material, the effect of fringing 
fields is minimized. In this embodiment, dielectric layers 
11 and 13 are made of a conventional material such as 
silicon dioxide, which offers the advantages of thermal 
stability and process simplicity. 
[0018] The advantage provided by the present invention may be 
seen by calculating the intralevel capacitance between two 
neighboring metal lines 25-1 and 25-2 in Figure 6. This 
capacitance C may be represented by three capacitances 
in series: C , the capacitance of air gap 40-1; C D , the ca- 
pacitance of portion 13c of dielectric layer 13 between the 
metal lines; and C , the capacitance of air gap 40-2. Ca- 

A2 

pacitance C then is given by 
[0019] c = l/d/C + 1/C + 1/C ). 

Al D A2 

[0020] Each capacitance can be expressed as C = e A/d, where e 
is the dielectric constant of the material, A is the lateral 
cross-sectional area, and d is the thickness of the mate- 
rial. Using e = 1 for air, the intralevel capacitance (per unit 
cross-sectional area) C/A is given by 

[0021] c/A = (2d +d /e)" 1 

A D 



[0022] where d is the thickness of each air gap and d is the 

A D 

thickness of portion 13c (that is, the lateral dimension of 
layer 13 between metal lines 25-1 and 25-2). Assuming 
that layers 11 and 13 are made of silicon dioxide (e = 
3.85), and that the lithographic groundrule is 0.16 urn, 
the capacitances for air gaps of various widths are as fol- 
lows: 
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[0023] Accordingly, an equivalent dielectric constant below 2.0 
can be obtained using the lateral air gaps of the present 
invention. This is significant because presently available 
inorganic low-k materials still have e about 3.5, while or- 
ganic low-k materials have e near 2.8 after a typical an- 
nealing process. The present invention therefore offers a 
reduction in intralevel capacitance equal to, if not better 
than, that obtainable with low-k materials between metal 
lines, while retaining the structural advantages of using 



conventional silicon dioxide material. Alternatively, this 
invention can be practiced with any convenient dielectric 
material (including low-k materials), to obtain even lower 
intralevel capacitances. 

[0024] while the invention has been described in terms of spe- 
cific embodiments, it is evident in view of the foregoing 
description that numerous alternatives, modifications and 
variations will be apparent to those skilled in the art. Ac- 
cordingly, the invention is intended to encompass all such 
alternatives, modifications and variations which fall within 
the scope and spirit of the invention and the following 
claims. 

[0025] we claim: 



